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BACKGROUND:Naphthalene is a polycyclic aromatic hydrocarbon that has been associated with health effects, including cancer. As the state of the sci-
ence on naphthalene toxicity continues to evolve, updated toxicity reference value(s) may be required to support human health risk assessment.

OBJECTIVES:We present a systematic evidence map of studies that could be used to derive toxicity reference value(s) for naphthalene.
METHODS:Human and animal health effect studies and physiologically based pharmacokinetic (PBPK) models were identified from a literature search
based on populations, exposures, comparators, and outcomes (PECO) criteria. Human and animal studies meeting PECO criteria were refined to a
smaller subset considered most informative for deriving chronic reference value(s), which are preferred for assessing risk to the general public. This
subset was evaluated for risk of bias and sensitivity, and the suitability of each study for dose–response analysis was qualitatively assessed. Lowest
observed adverse effect levels (LOAELs) were extracted and summarized. Other potentially relevant studies (e.g., mechanistic and toxicokinetic stud-
ies) were tracked as supplemental information but not evaluated further. Existing reference values for naphthalene are also summarized.

RESULTS: We identified 26 epidemiology studies and 16 animal studies that were considered most informative for further analysis. Eleven PBPK
models were identified. The available epidemiology studies generally had significant risk of bias and/or sensitivity concerns and were mostly found to
have low suitability for dose–response analysis due to the nature of the exposure measurements. The animal studies had fewer risk of bias and sensi-
tivity concerns and were mostly found to be suitable for dose–response analysis.
CONCLUSION: Although both epidemiological and animal studies of naphthalene provide weight of evidence for hazard identification, the available
animal studies appear more suitable for reference value derivation. PBPK models and mechanistic and toxicokinetic data can be applied to extrapolate
these animal data to humans, considering mode of action and interspecies metabolic differences. https://doi.org/10.1289/EHP7381

Introduction
Naphthalene is a polycyclic aromatic hydrocarbon that is found
naturally in fossil fuels (e.g., coal tar, petroleum) and biomass
combustion (ATSDR 2005). It is also produced commercially
and is considered a high production–volume chemical (U.S. EPA
2016). Major commercial uses of naphthalene are in the manufac-
ture of chemical intermediates (e.g., phthalic anhydrides), dyes,
surfactants, leather tanning agents, dispersants, pesticides, resins,
and solvents, and the major consumer products containing naph-
thalene are moth repellents and toilet deodorant blocks (ATSDR
2005). The public can be exposed to naphthalene primarily
through airborne emissions from industrial sources, open burn-
ing, traffic exhaust, cigarettes, and off-gassing of naphthalene-
containing products (Jia and Batterman 2010; ATSDR 2005).
Children may have additional susceptibility to naphthalene expo-
sure though the ingestion of mothballs or contaminated soil
(ATSDR 2005).

Naphthalene exposure has been associated with cancer and non-
cancer health effects, withmost of the evidence coming from animal
studies and human case studies (ATSDR 2005; U.S. EPA 1998).
The current weight of evidence for naphthalene carcinogenicity is
derived primarily from 2-y inhalation bioassays conducted in
rodents by the National Toxicology Program (NTP) (NTP 1992b,
2000). These bioassays found that naphthalene exposure increased

the incidence of nasal respiratory epithelial adenomas (a benign tu-
mor) and olfactory epithelial neuroblastomas of the nose (a malig-
nant tumor that has rarely been observed in NTP bioassays) in both
male and female rats (NTP 2000) and pulmonary alveolar/bronchio-
lar adenomas (a benign tumor) in female mice (NTP 1992b). In
humans, cancer following naphthalene exposure has been docu-
mented in two case series reports: increased laryngeal cancer inci-
dence in a German naphthalene purification plant (Wolf 1976,
1978) and increased colorectal cancer amongNigerian patients with
a history of taking a naphthalene-containing indigenous treatment
for anorectal problems (Ajao et al. 1988). Based on these findings,
the 14th NTP Report on Carcinogens classified naphthalene as rea-
sonably anticipated to be a human carcinogen (NTP 2016), and the
International Agency for Research on Cancer (IARC) classified
naphthalene to be possibly carcinogenic to humans (Group 2B)
(IARC 2002); both reports cited sufficient evidence in experimental
animals and inadequate evidence in humans. The assessment of
naphthalene by the U.S. Environmental Protection Agency (U.S.
EPA) Integrated Risk Information System (IRIS) was released prior
to the publication of NTP’s 2-y study in rats (NTP 2000) and classi-
fied naphthalene as a possible human carcinogen (Group C), based
on limited evidence of carcinogenicity in animals and inadequate
data in humans (U.S. EPA 1998).

Reference values for noncancer effects have also been devel-
oped for naphthalene by multiple government entities. The term
“reference value” refers to a value designed to provide an exposure
limit at which some protection to human health can be inferred.
Reference values are the most common final output from the dose–
response assessment component of the risk assessment paradigm
set forth by the National Research Council (NRC 1983, 2009).
Examples of reference values for naphthalene include a reference
dose (RfD) for oral exposure and reference concentration (RfC) for
inhalation exposure from IRIS (U.S. EPA 1998); oral and inhala-
tion minimal risk levels (MRLs) from the Agency of Toxic
Substances and Disease Registry (ATSDR) (ATSDR 2005); and a
reference exposure level (REL) from the California Environmental
Protection Agency’s Office of Environmental Health Hazard
Assessment (OEHHA) (OEHHA2000).
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The scientific literature characterizing naphthalene toxicity
continues to evolve, with hundreds of studies relevant to the
health effects and mechanisms of naphthalene exposure published
over the past decade [see U.S. EPA Health & Environment
Research Online (HERO) database for naphthalene (U.S. EPA
2021)]. These include health effect studies in humans and ani-
mals, which provide information on the dose-related effects of
naphthalene exposure; physiologically based pharmacokinetic
(PBPK) models, which can be used to develop extrapolations
between species and routes of exposure; and mechanistic and tox-
icokinetic studies that can help inform biological plausibility,
human relevance of animal data, and mode of action (MOA)
for dose–response analysis. These data could be applied by enti-
ties such as government agencies to develop updated reference
value(s) for naphthalene that reflect the state of the science on
this chemical.

This study identifies the reference values that are currently
available for naphthalene and presents a systematic evidence map
of the available data that could be used to develop or revise toxic-
ity reference value(s) for exposure to naphthalene in the general
public and assess cancer and noncancer outcomes, based on a sur-
vey of the literature through January 2021. To our knowledge,
this approach involves the first use of systematic review method-
ologies to characterize the available literature on naphthalene tox-
icity. The focus of our evaluation is on the quality and
availability of health effect studies in humans and animals that
could serve as the basis for hazard identification and dose–
response analysis, and on the availability of PBPK models that
can be used for dose extrapolation. We first provide a broad sum-
mary of the range of health effect studies that are available for
naphthalene and then perform a more in-depth analysis on a
smaller subset of studies we considered to be most relevant for
deriving reference value(s) for chronic exposure. Chronic refer-
ence values generally are preferred over reference values of
shorter duration (e.g., acute, subchronic) for risk assessment of
environmental exposures in the general public. The availability
of mechanistic and toxicokinetic/absorption, distribution, metab-
olism, excretion (ADME) studies were also tracked as part of this
evidence mapping exercise because they may serve as supporting
information in the context of a chemical assessment, although an
analysis of mechanistic and toxicokinetic data is not performed
here.

Characterizing the evidence map for naphthalene not only
demonstrates that availability of data that can be used to inform
naphthalene risk assessment but also highlights data gaps and
research needs that can be considered by researchers to design
studies that are informative for chemical assessment purposes.

Methods
Scoping and problem formulation for this evidence map was con-
ducted by considering the regulatory needs for chemical assess-
ment in the U.S. EPA context, summarized most recently in an
IRIS Assessment Plan (IAP) for naphthalene that underwent pub-
lic comment in July 2018 (U.S. EPA 2018b). Literature search
and screening were performed to support the IRIS assessment of
naphthalene and were conducted in several rounds between 2013
and 2021, with methods evolving somewhat over time to reflect
assessment needs and available technology. Results are docu-
mented in online databases that may allow readers to interact
with the data more easily [HERO, the U.S. EPA’s Health
Assessment Workspace Collaborative (HAWC), and Tableau
Public], with links provided throughout this text, but hard copies
of the data are also in the Excel file provided as supplemental ma-
terial with this publication. The methods used to conduct the evi-
dence map are based on those described in the public comment

draft of the U.S. EPA’s Office of Research and Development Staff
Handbook for Developing IRIS Assessments (version 1.0,
November 2020) (U.S. EPA 2020) and have previously been
reviewed as part of the National Academies of Sciences,
Engineering, and Medicine report on the implementation of sys-
tematic review by the IRIS Program (NASEM 2018). An over-
view of the key elements of the process is provided here.

Survey of Existing Reference Values for Naphthalene
A survey of existing reference values can be an excellent second-
ary resource when evaluating the health effects of a chemical
because it provides insight into the types of assessments that
have already been conducted, the age of those assessments, and
the key studies used for reference value derivation. Existing ref-
erence values for naphthalene were surveyed in March 2021 by
searching the list of national, state, and international agencies
shown in Table S1 of the supplemental materials. Additionally,
U.S. EPA’s ToxVal database (a compilation of publicly available
reference values from across the Internet) (U.S. EPA 2018a) was
searched for any additional reference values from other sources.
Information on derivation of each value (health effect, point of
departure, uncertainty factors applied) was extracted whenever
available.

This survey of reference values for naphthalene strives to be
comprehensive, but it may miss values that are not publicly avail-
able. The list of sources used in this search was compiled by the
U.S. EPA and consists of government agencies and recognized
expert groups that develop reference values for the purpose of
supporting regulatory decision-making. The list of sources for in-
halation reference values was originally documented in a 2009
U.S. EPA report (U.S. EPA 2009) and has since been expanded
to include oral reference values.

Populations, Exposures, Comparators, and Outcomes
(PECO) Criteria
A set of PECO criteria (Table 1) were developed to serve as a
guide for screening relevant health effect studies for naphthalene.
The PECO identified human and mammalian animal health effect
studies of naphthalene with appropriate control groups as the
focus of the systematic evidence map, as well as any published
PBPK models for naphthalene.

Literature Searches
Literature searches were conducted in three online scientific data-
bases [PubMed, Web of Science (WOS), TOXLINE] in February
2013, December 2014, November 2015, January 2017, September
2017, February 2019, and January 2021. (The TOXLINE database
was migrated to PubMed after the 2019 literature search update, so
was not included in the 2021 literature search.) The initial search in
2013 was conducted without date limitations, and all subsequent
searches were date-limited to the previous search. The search strategy
included key terms related to PECO criteria and terms for specific ex-
perimental animal species. The January 2017 search added terms to
the PubMed query looking for information on naphthalene metabo-
lites (1,4-naphthoquinone; 1,2-naphthoquinone; naphthalene 1,2-ox-
ide; and 1,2-dihydroxy-1,2-dihydronaphthalene). Additionally, Toxic
Substances Control Act Test Submissions (TSCATS) were identified
by searching TSCATS 2, TSCATS 1, the U.S. EPA’s Chemical Data
Access Tool, and Google searches for TSCA recent submissions.
These search strategies are summarized inTable S2 of the supplemen-
talmaterials.

The results of this literature search were supplemented by the
following: a) manually searching citations from published review
articles and national and international health agency documents;
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b) “backward” searches (to identify articles cited by included
studies, reviews, or prior assessments by other agencies); c) “for-
ward” searches (to identify articles that cite those studies); d)
searching a combination of Chemical Abstracts Service Registry
Numbers (CASRNs) and synonyms for chemical assessment-
related websites; and e) addition of references that had been pre-
viously added to the HERO database as part of an earlier U.S.
EPA naphthalene review effort. A description of these additional
search strategies is provided in Table S3 of the supplemental
materials.

The results of these literature search strategies are compiled
in the U.S. EPA’s HERO database (https://hero.epa.gov/hero/
index.cfm/project/page/project_id/3064). The complete list of
studies identified in the literature search is also provided in the
Excel file in the supplemental material.

Literature Screening
PECO criteria were used to determine inclusion or exclusion of
human and animal health effect studies and published PBPK
models. Screening methods evolved over time, reflecting the
technology that was available at the time of each literature search.
The results of this screening process, including documentation of
studies included and excluded at each screening stage, are pub-
licly available in the HERO database (https://hero.epa.gov/hero/
index.cfm/project/page/project_id/3064). Tagging information
for the complete list of studies identified in the literature search is
also provided in the Excel file in the supplemental material.

For literature searches conducted through November 2015, all
records were first electronically screened in EndNote with a set
of terms intended to prioritize “on-topic” references for title and
abstract review (inclusion terms are listed in Table S4 of the sup-
plemental materials). Some of the electronic inclusion terms were
generic (i.e., not chemical-specific) and were intended to capture
health effect studies of any type. Other terms were specific to
naphthalene and were based on previous knowledge of health
effects and possible mechanisms of toxicity. Citations containing
(in title, abstract, or keywords) at least one inclusion term related
to health outcomes, epidemiological or toxicological study
design, toxicokinetics, or mechanistic information proceeded to
title/abstract screening. Citations that did not contain at least one
inclusion term were subjected to a quality control check to verify
that relevant references are not missed. Specifically, a random
sample (∼ 10%) of the electronically excluded citations were
subjected to title/abstract review to confirm that the electronic
screening process produced acceptable results (i.e., no relevant
citations were inadvertently missed). If the random sample con-
tained at least one potentially relevant citation, the list of elec-
tronic screening terms was revised to add terms pertaining to the
missing citation, and the electronic screening process was
repeated. This quality control and revision process was repeated
as many times as necessary to ensure that relevant studies were
retained for title/abstract screening. Citations that did not contain
at least one term inclusion term were excluded from further
review. For literature searches conducted after November 2015,
no electronic screen was performed due to the smaller number of
new records identified, and all studies underwent title/abstract
screening.

Title/abstract screening was conducted by two independent
reviewers using PECO criteria to guide the inclusion or exclusion
of human and animal health effect studies and PBPK models.
Title/abstract screening was conducted using EndNote (for litera-
ture searches conducted between 2013 and 2017), SWIFT-Active
Screener software (for literature search conducted in 2019)
(https://swift.sciome.com/activescreener), or DistillerSR (for liter-
ature search conducted in 2021) (https://www.evidencepartners.
com/products/distillersr-systematic-review-software/). Screening
was performed manually on all platforms (the machine learning
functionality of SWIFT-Active Screener was not used), and there-
fore we do not anticipate that the screening results were affected
by the type of software used. For citations with no abstract, articles
were screened based on all or some of the following: title rele-
vance, page numbers (articles two pages or fewer in length may be
assumed to be conference reports, editorials, or letters), and
PubMed Medical Subject Headings (MeSH; e.g., a study might
not have been considered further if there were no human health or
biology-related MeSH terms). In addition to PECO criteria, the
following exclusion criteria were applied: a) study materials that
were not peer reviewed; and b) records that did not contain origi-
nal data, such as assessments by government agencies, review
articles, editorials, or commentaries. Non-English studies were
tracked during screening and tagged for possible further evaluation
but were not translated or reviewed further for this evidence map.

An attempt was made to retrieve full texts for all studies not
excluded during title/abstract screening, and full text review was
performed to identify the final list of studies meeting PECO crite-
ria. Conference abstracts and studies for which the full text was
found to be unavailable following title/abstract screening were
tracked but not reviewed further. At both the title/abstract and
full text screening levels, screening conflicts were resolved by
discussion among the primary screeners, with consultation of a
third reviewer or technical advisor (if needed) to resolve any dis-
agreements. When there were multiple publications using the

Table 1. Populations, exposures, comparators, outcomes (PECO) criteria.

PECO element Evidence

Populations Human: Any population and life stage (occupational
or general population, including children and other
sensitive populations). The following study designs
will be considered most informative: controlled ex-
posure, cohort, case–control, cross-sectional, and ec-
ological. Case reports and case series will be tracked
as “supplemental information.”

Animal: Nonhuman mammalian animal species (whole
organism) of any life stage (including preconception,
in utero, lactation, peripubertal, and adult stages).
Studies of transgenic animals will be tracked as
mechanistic studies under “supplemental
information.”

Exposures Human: Any exposure to naphthalene (CASRN 91-20-
3), including occupational exposures, via oral, inhala-
tion, or dermal route[s].
Animal: Any exposure to naphthalene (CASRN 91-
20-3) via oral, inhalation, or dermal route[s]. Studies
involving exposures to mixtures will be included
only if they include an arm with exposure to naphtha-
lene alone. Other exposure routes, including injec-
tion, will be tracked during title and abstract
screening and tagged as “supplemental information.”

Comparators Human: A comparison or referent population exposed
to lower levels (or no exposure/exposure below
detection limits) of naphthalene, or exposure to naph-
thalene for shorter periods of time.
Animal: A concurrent control group exposed to vehi-
cle-only treatment.

Outcomes All health outcomes (both cancer and noncancer). In
general, end points related to clinical diagnostic crite-
ria, disease outcomes, histopathological examination,
or other apical/phenotypic outcomes will be priori-
tized for evidence synthesis over outcomes such as
biochemical measures.

PBPK Studies describing PBPK models for naphthalene will
be included.

Note: PBPK, physiologically based pharmacokinetic.
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same or overlapping data, all publications on the research were
included and one (generally the publication with the most com-
plete reporting of results) was selected as the primary record. For
instance, NTP’s 2-y study in rats is described in a study report
(NTP 2000) as well as in two publications (Long et al. 2003;
Abdo et al. 2001) and a pathology report; we considered those to
be one distinct reference and cited it as the NTP report (NTP
2000), which had the most complete description of results.

In addition to studies meeting PECO criteria, the following
types of studies containing potentially relevant supplemental in-
formation were also tracked during the screening process and are
documented in HERO: mechanistic studies (including in vitro
and in silico models); ADME/toxicokinetic studies; human case
reports or case series; and animal studies with exposure routes
other than oral, inhalation, and dermal (e.g., intraperitoneal injec-
tion). These studies were tracked based on title/abstract only
(full-text screening not performed) and are not evaluated further
in this evidence map.

Survey of Studies Meeting PECO Criteria
The human and animal studies that met PECO criteria were extracted
and briefly summarized in an interactive dashboard in Tableau
Public, which can be viewed at the following website: https://public.
tableau.com/views/NaphthaleneEvidenceMap/ReadMe?:language=
en&:display_count=y&publish=yes&:origin=viz_share_link. The
Excel file used to create the Tableau Public database is provided as
supplemental material. For human studies, information was captured
on population type (e.g., general population, occupational), study
type (e.g., cross-sectional, cohort, case–control), description of study
population, major route of exposure (if known), description of how
exposure was assessed, health outcome(s) assessed, and health out-
come(s) observed. For animal studies, information was captured on
species, strain, sex, dose or concentration levels tested, duration of
treatment, route of exposure, health outcome(s) assessed, and health
outcome(s) observed. Doses in animal studies reported as parts per
million (ppm; inhalation exposures) were converted tomilligrams per
cubicmeter, based on amolecularweight of 128:1705 g=mol.

All PBPK models for naphthalene identified in the literature
search were summarized and qualitatively assessed for scientific
and technical suitability for use in a human health risk assess-
ment. We compared the models and identified relationships
between them, such as cases in which one model was a revision
of a previous model or a synthesis of multiple previous models.

Selection of Human and Animal Studies for Further
Evaluation
Study evaluation can be a time-consuming process, so it is prag-
matic to prioritize the evaluation of studies that are most relevant
to assessment needs—in this case, studies that can be used to
derive chronic reference value(s) for naphthalene. We therefore
further screened the human and animal studies that met PECO
criteria to identify a subset of studies that are more likely to be
relevant for chronic reference value derivation based on the crite-
ria outlined below and focused all further evaluation on that sub-
set of studies:

• Animal studies with chronic and subchronic exposure dura-
tions were prioritized for further evaluation. Studies with
exposures less than 30 d in duration were only included if
they could contribute critical information to the weight of
evidence. For instance, if both <30-d and >30-d exposures
were reported as part of a study by the same laboratory
group, all exposure durations were included because they
can help inform the dose- and time-related development of
health effects. All reproductive and developmental exposure

studies were included regardless of exposure duration
because short exposures may coincide with windows of
susceptibility.

• Animal studies evaluating multiple dose levels were priori-
tized over studies evaluating single dose levels.

• For both human and animal studies, health systems (e.g., re-
spiratory, reproductive, etc.) were prioritized for further
evaluation when the available evidence from multiple stud-
ies suggested an association with naphthalene exposure.

Study Evaluation of Human and Animal Studies
The subset of human and animal studies identified in the
“Selection of Human and Animal Studies for Further Evaluation”
section above were evaluated for their validity and utility in
assessing health effects of chemical exposure by applying the U.
S. EPA IRIS study evaluation method. This method is described
in the Staff Handbook for Developing IRIS Assessments (U.S.
EPA 2020) and in several previous publications; for instance, de-
velopment and validation of this study evaluation method are
described by Dishaw et al. (2020) and Radke et al. (2019), and this
study evaluation method has been used in the systematic evidence
map by Keshava et al. (2020) and systematic reviews including
Radke et al. (2018) and Yost et al. (2019). The key concerns
addressed by the study evaluations were risk of bias (factors that
may affect themagnitude or direction of an effect) and insensitivity
(factors that limit the ability to detect a true effect; low sensitivity is
a bias toward the null when an effect exists). These evaluations
addressed the study’s utility for identification of individual hazards
but did not address the usability of a study for dose–response analy-
sis, which was considered separately (see “Analysis of Dose–
ResponseConsiderations” section below).

Human studies were evaluated by consideration of the follow-
ing domains: participant selection, exposure methods sensitivity,
outcome measures, confounding, analysis, selective reporting,
and sensitivity. For animal studies, the following domains were
considered: reporting quality; allocation; observational bias/
blinding; confounding; selective reporting and attrition; chemical
administration and characterization; exposure timing, frequency,
and duration; end point sensitivity and specificity; and results pre-
sentation. These study evaluation domains were designed to be
parallel between human and animal studies but not exactly
matching. A description of each domain is provided in Tables
S5–S7, including core questions and basic considerations used to
guide reviewers in the evaluation of each domain.

Two reviewers evaluated each human and animal health effect
study to identify characteristics that would bear on the informative-
ness (i.e., validity and sensitivity) of the results and provide addi-
tional chemical- or outcome-specific knowledge or methodological
concerns. For studies that examined more than one outcome, the
evaluation process was performed separately for each outcome
because the utility of a study can vary for different outcomes. For
each outcome in a study, reviewers reached a consensus judgment
of good, adequate, deficient, not reported, or critically deficient for
each evaluation domain. If a consensus was not reached between
two reviewers, a third reviewer performed conflict resolution. The
judgments were defined as follows:

• Good represented a judgment that the study was conducted
appropriately in relation to the evaluation domain, and any
deficiencies, if present, were minor and would not be
expected to influence the study results.

• Adequate indicated a judgment that there were methodologi-
cal limitations relating to the evaluation domain but that
those limitations were not likely to be severe or to have a no-
table impact on the results.
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• Deficient denoted identified biases or deficiencies that were
interpreted as likely to have had a notable impact on the
results or that prevented interpretation of the study findings.

• Not reported indicated that the information necessary to
evaluate the domain question was not available in the study.
Generally, this term carried the same functional interpreta-
tion as deficient for the purposes of the study confidence
classification (described below).

• Critically deficient reflected a judgment that the study con-
duct introduced a serious flaw that made the study uninter-
pretable. Studies with a determination of critically deficient
in an evaluation domain were considered overall uninforma-
tive, as described below. Given this potential for exclusion,
this classification was used infrequently and with extreme
care. Serious flaws that did not warrant study exclusion were
classified as deficient.
After each domain was rated, the identified strengths and lim-

itations across the domains were considered as a whole to reach a
study confidence classification of high, medium, or low confi-
dence, or uninformative for each health outcome reported by the
study. This classification included consideration by the reviewers
of the likely impact that the identified bias, insensitivity, or inad-
equate reporting could have on the results. The classifications
were defined as follows:

• High confidence: A well-conducted study with no notable
deficiencies or concerns identified; the potential for bias was
unlikely or minimal, and the study used sensitive methodol-
ogy. High confidence studies generally reflected judgments
of good across all or most evaluation domains.

• Medium confidence: A satisfactory (acceptable) study where
deficiencies or concerns were noted, but the limitations were
unlikely to be of a notable degree. Generally, medium confi-
dence studies included adequate or good judgments across
most domains, with the impact of any identified limitation
not being judged as severe.

• Low confidence: A substandard study where deficiencies or
concerns were noted, and the potential for bias or inadequate
sensitivity could have a significant impact on the study
results or their interpretation. Typically, low confidence stud-
ies had a deficient evaluation for one or more domains,
although some medium confidence studies had a deficient
rating in domain(s) considered to have less influence on the
magnitude or direction of effect estimates.

• Uninformative: An unacceptable study where serious flaw(s)
made the study results unusable for informing hazard identi-
fication. Studies with critically deficient judgments in any
evaluation domain were classified as uninformative (see ex-
planation above). Uninformative studies would not be con-
sidered for hazard identification or dose–response analysis
but might be used to highlight possible research gaps.
Reporting quality (the extent to which a study reports suffi-

cient details to allow for an evaluation of risk of bias and sensitiv-
ity) was considered within all study evaluation domains but was
also included as a stand-alone domain for animal studies and
served as a triage for determining whether a study reported suffi-
cient experimental details to be evaluated. Animal studies failing
to report information considered critical for study evaluation
(species, test article name, levels and duration of exposure, route,
qualitative or quantitative results for at least one end point of in-
terest) would be rated critically deficient in the reporting quality
domain and excluded from further consideration.

All study evaluation ratings are documented and publicly
available in U.S. EPA’s version of HAWC, a free and open-
source, web-based software application (https://hawcprd.epa.gov/
summary/assessment/566/visuals/). An export of the study

evaluations from HAWC is provided in the Excel file in the sup-
plemental material.

Data Extraction
Quantitative outcome measurements from all high and medium
confidence animal studies were extracted into HAWC (available
at https://hawcprd.epa.gov/study/assessment/566/; at the site,
click on a study to view extracted data), and the lowest observed
adverse effect level (LOAEL) for each outcome measurement
was identified based on author-reported statistical significance.
For studies in which an exposure-related effect was observed but
the authors did not perform a statistical analysis, LOAELs were
determined based on expert judgment. These LOAELs were
recorded in HAWC. Data extractions were carried out using a
controlled vocabulary for health system, organ, and effect type to
facilitate the organization and retrieval of information. Results
from general histopathology evaluations were typically only
extracted into HAWC if an exposure-related response was
reported; body weight changes presented as growth curves were
not extracted into HAWC. An export of the extracted dose–
response information from HAWC is provided in the Excel file in
the supplemental material.

Analysis of Dose–Response Considerations
We finally evaluated whether each of the selected human or ani-
mal health effect studies would be suitable for dose–response
analysis, based on the following considerations [similar to those
used by Keshava et al. (2020)]:

• For both human and animal studies, quantitative exposure–
response data was necessary to be considered suitable for
dose–response analysis.

• Animal studies were considered more suitable for dose–
response analysis if multiple dose levels were evaluated.
Studies evaluating only a single dose level were considered
less suitable.

• Epidemiology studies that used biomarker measurements in
tissues or bodily fluids as the metric for exposure were con-
sidered suitable for dose–response analysis only if data or
PBPK models were available to extrapolate between the
reported biomarker measurements and the level of exposure.

• Epidemiology studies with limited ability to assess temporality
between exposure and response were considered to have lower
suitability for dose–response analysis. In particular, due to the
short half-life of naphthalene in the body, cross-sectional study
designs were considered to have limited ability to assess tem-
porality unless the outcomewas of an immediate nature.
In addition to these general considerations, the evaluation of

suitability for dose–response analysis also considered any other
study-specific concerns that could interfere with the interpretation
of the exposure–response relationship. The identification of these
study-specific concerns was based on expert judgment and dis-
cussion among reviewers, and the rationale for the judgment
about each study is documented in tables herein.

Summary of the Evidence Base for Major Health Systems
The human and animal evidence base was qualitatively summar-
ized for each of the health systems that were prioritized for fur-
ther evaluation. The focus was on the availability of studies that
could be potential candidates for reference value derivation, i.e.,
high or medium confidence studies that were considered suitable
for dose–response analysis. Low confidence studies or studies
with limited suitability for dose–response analysis would gener-
ally not be used for reference value derivation. Summaries also
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highlighted the biological relevance of various outcome measure-
ments for risk assessment.

Finally, to evaluate relative sensitivity to naphthalene expo-
sure, the lowest LOAELs within each health system were sum-
marized according to the route and duration of exposure.
LOAELs reflect the exposure levels that caused an effect in each
health system and therefore are an appropriate metric for evaluat-
ing sensitivity, but the NOAEL or (ideally) a benchmark dose
would be the preferred values used for reference value derivation.
Dose–response modeling for these studies to calculate a bench-
mark dose is outside the scope of this evidence map because our
goal was to summarize only author-reported data.

Results

Survey of Existing Reference Values for Naphthalene
Reference values for naphthalene derived by the U.S. EPA and
other national, state, and international agencies are depicted in
Figure 1 (inhalation exposure) and Figure 2 (oral exposure).
These figures indicate the exposure durations (acute, short-term,

subchronic, chronic) and population/exposure scenario that each
reference value is designed to assess. Inhalation reference values
for naphthalene include values used for risk assessment in
emergency-response situations (designed to assess acute exposure
to hazardous chemical releases), occupational exposure (8-h
time-weighted averages designed to protect workers for a 5-d
work week for 40 y), or exposure of the general public. All oral
reference values for naphthalene are intended to assess risk in the
general public. See the Supplemental Materials Appendix Table
A1 (inhalation reference values) and Appendix Table A2 (oral
reference values) for a tabular summary of these values, includ-
ing information on how each value was derived. Values identified
from sources that did not provide derivation details or were based
on another agency’s values are not shown in Figures 1–2 but are
summarized in Appendix Table A3.

Focusing on the values intended for risk assessment in the gen-
eral public, all chronic or intermediate duration inhalation and oral
reference values for naphthalene from U.S. federal agencies, state
agencies, andHealth Canadawere derived based on studies that are
evaluated in this evidence map. The ATSDR chronic inhalation
MRL and the Minnesota Department of Health’s Chronic Health-

Figure 1. Available health effect reference values for inhalation exposure to naphthalene. See Supplemental Materials Appendix Table A1 for a tabular sum-
mary, including information on how each value was derived. Categories for the reference values based on their intended purpose are shown in the legend: red
for Emergency Response, gold for Occupational, and green for values applicable to the General Public. Note: ACGIH, American Conference of Government
Industrial Hygienists; ATSDR, Agency for Toxic Substances and Disease Registry; HBV, Health-Based Value; IDLH, immediately dangerous to life and
health; IRIS, Integrated Risk Information System; MDH, Minnesota Department of Health; MRL, minimal risk level; NIOSH, National Institute for
Occupational Safety and Health; OEHHA, California Environmental Protection Agency’s Office of Environmental Health Hazard Assessment; OSHA,
Occupational Safety and Health Administration; PAC, protective action criteria; PEL, Permissible Exposure Limit; REL, recommended exposure limit
(NIOSH) or reference exposure level; RfC, reference concentration; RIVM, Rijksinstituut voor Volksgezondheid en Milieu (Netherlands Institute for Public
Health and the Environment); STEL, short-term exposure limit; TCA, tolerable concentration; TLV, threshold limit value; TWA, time-weighted average.
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Based Value are based on respiratory lesions in NTP’s 2-y studies
in mice and rats (NTP 1992b, 2000), whereas the IRIS RfC and
California OEHHA’s REL were both developed prior to the publi-
cation of NTP (2000) and are based on NTP (1992b). Health
Canada’s residential indoor RfC is based on NTP (2000).
Additionally, several states (Nevada, Rhode Island, Oregon)
derived chronic or 1-y inhalation values based on the OEHHA can-
cer unit risk factor, which is based on NTP’s 2-y inhalation bioas-
says. Chronic oral RfDs from IRIS and the U.S. EPA Office of
Pesticide Programs are based on the 90-d exposure study in rats by
Battelle (1980b) (an unpublished report by a contract laboratory
for NTP), and the ATSDR intermediate and acute oral MRLs are
based on the gestational exposure study in rats by NTP (1991). The
quality of these studies is discussed in subsequent sections.

Literature Search and Screening
Literature search and screening results are summarized in Figure 3.
The database searches and additional search strategies identified
17,763 records, which were narrowed to 125 records that met
PECO criteria (36 human, 78 animal, and 11 PBPK). Multiple
records of the same datawere available for some animal and human
studies, so these 125 records corresponded to 115 distinct referen-
ces (35 human, 69 animal, and 11 PBPK). (A list of multiple
records and the study selected as the primary record are provided in
the Excelfile in the supplementalmaterials.) The screening process
also identified 675 records that were tagged as potentially relevant
supplemental information, including mechanistic studies, ADME/

toxicokinetics studies, animal studies with exposure routes other
than oral or inhalation (e.g., injection studies), and human case
reports.

Heat maps summarizing human and animal studies that met
PECO criteria by route of exposure, population type (human) or
exposure duration (animal), and health system are provided in
Figure 4 and Figure 5, respectively. The available human studies
consisted of epidemiology studies in several population types
(occupational, general population, pregnant women/infants, chil-
dren), some of which assessed inhalation exposures but the ma-
jority of which had unclear (nonspecific) routes of exposure. The
available animal studies included inhalation, oral, dermal, and oc-
ular exposure studies that covered a range of exposure durations.
The designs and findings of all studies that met PECO criteria are
summarized in an interactive dashboard in Tableau Public, with
can be viewed at the following website: https://public.tableau.
com/views/NaphthaleneEvidenceMap/ReadMe?:language=en&:
display_count=y&publish=yes&:origin=viz_share_link.

Selection of Human and Animal Studies for Further
Evaluation
The human and animal studies that met PECO criteria were
refined to a smaller subset that were considered most informative
for deriving chronic reference value(s). This refinement of the
evidence base is summarized in Figure 6 and described below.

• Because chronic and subchronic studies are preferred for
developing chronic reference values, short-term or acute

Figure 2. Available health effect reference values for oral exposure to naphthalene. See Supplemental Materials Appendix Table A2 for a tabular summary,
including information on how each value was derived. All values in this figure are intended for application in the general public. Note: ATSDR, Agency for
Toxic Substances and Disease Registry; IRIS, Integrated Risk Information System; MRL, minimal risk level; OPP, Office of Pesticide Programs; RfD, refer-
ence dose; RIVM, Rijksinstituut voor Volksgezondheid en Milieu (Netherlands Institute for Public Health and the Environment); TDI, tolerable daily intake.
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Figure 3. Literature flow diagram for naphthalene. Multiple records were available for some studies, so the box titled “Studies Meeting PECO Criteria” lists
both the total number of records and the number of unique studies. The box titled “Tagged as Supplemental” includes mechanistic studies, ADME/toxicokinetic
studies, animal studies with exposure routes other than oral or inhalation (e.g., injection studies), and human case reports. Note: ADME, absorption, distribu-
tion, metabolism, and excretion; PBPK models, physiologically based pharmacokinetic models; PECO, populations, exposures, comparators, and outcomes;
TSCATS, Toxic Substances Control Act Test Submissions; WOS, Web of Science.

Figure 4. Survey of human studies that met PECO criteria, organized by route of exposure, population, and health systems evaluated. Numbers represent the
number of references that investigated a health system, not the number of references that identified an association with exposure to naphthalene. If a reference
evaluated multiple health systems, it is shown here multiple times. Column totals, row totals, and grand total indicate total numbers of distinct references. See
the “Human Evidence” tab in the interactive dashboard in Tableau Public for a more detailed description of study design and results (https://public.tableau.
com/views/NaphthaleneEvidenceMap/ReadMe?:language=en&:display_count=y&publish=yes&:origin=viz_share_link). Note: PECO, populations, exposures,
comparators, and outcomes.
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duration animal studieswere excluded from further evaluation
(n=32). The exception to this is that the 1- and 5-d inhalation
studies by Dodd et al. (2010) were included along with the 90-
d study by this group (Dodd et al. 2012) because they provide
information on the concentration- and time-dependent devel-
opment of nasal and olfactory necrosis in rats exposed to
naphthalene, which is anticipated to be useful for dose–
response analysis. Likewise, the 14-doral studybyShopp et al.
(1984) was included along with the 90-d study from the same
report to demonstrate dose- and time-dependent responses.
Additionally, short-term studies that exposed animals during

gestation were included (NTP 1991, 1992a; Pharmakon
Research 1985, 1986; Plasterer et al. 1985).

• A relatively large number of animal studies (n=36) induced
cataracts by exposing animals to a single high dose level of
naphthalene (∼ 500− 1,000 mg=kg-d) and were generally
aimed at using naphthalene-induced cataracts as an animal
model for age-related cataracts. Such studies are useful for
hazard identification but are not likely to be useful for dose–
response assessment because only a single high dose level
was tested. Because there were several multidose studies
that evaluated ocular effects, these cataract studies testing a

Figure 5. Survey of animal studies that met PECO criteria, organized by route of exposure, duration of exposure, and health systems evaluated. Numbers repre-
sent the number of references that investigated a particular health effect, not the number of references that identified an association with exposure to naphtha-
lene. If a reference included multiple experiments (e.g., different species or exposure durations) or evaluated multiple health systems, it is shown here multiple
times. Column totals, row totals, and grand total indicate total numbers of distinct references. Acute: exposures ≤24 h. Short-term: exposures >24 h but
≤30 d. Subchronic: exposures >30 d but ≤90 d. Chronic: exposures >90 d. Gestational: any exposure occurring during pregnancy. See “Animal Evidence”
tab in the interactive dashboard in Tableau Public for a more detailed description of study design and results (https://public.tableau.com/views/
NaphthaleneEvidenceMap/ReadMe?:language=en&:display_count=y&publish=yes&:origin=viz_share_link). Note: PECO, populations, exposures, compara-
tors, and outcomes.

Figure 6. Selection of human and animal studies for further evaluation. The box titled “Carried forward to study evaluation” lists the total number of human
and animal health effects references and the number of studies for each health system that underwent study evaluation; most animal studies evaluated multiple
health systems. The box titled “Not evaluated further” lists the total number of human and animal health effects studies that were not carried forward for study
evaluation and the reasons for exclusion. Some single high dose cataract studies also had short-term or acute exposure durations, so they are counted in both
categories under the reason for exclusion.
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single high dose of naphthalene were not moved forward for
study evaluation.

• Based on the summary of studies meeting PECO criteria, the
following health systems were selected for further evalua-
tion: respiratory (nasal and pulmonary), hematologic,
immune, reproductive, developmental, and ocular. Studies
reporting evidence of cancer in any health system were also
included. Although an association with severe neonatal jaun-
dice was observed in an epidemiology study (Familusi and
Dawodu 1985), this association is thought to be a secondary
effect of naphthalene-induced hemolysis, so hepatic effects
were not prioritized for further evaluation. Nine epidemiol-
ogy studies did not evaluate any of the selected health sys-
tems; these studies did not undergo a full evaluation, but
study designs and suitability for dose–response analysis are
summarized in Table S8 of the supplemental materials.
These epidemiology studies evaluated neurological, hepatic,
endocrine/exocrine (thyroid hormones), and cardiometabolic
effects and generally observed no association with naphtha-
lene exposure, although positive associations were reported
for obesity, hypertension, metabolic syndrome, type-2 diabe-
tes, and (as mentioned above) neonatal jaundice. As
described in Table S8, all of these studies were found to be
not suitable or have limited suitability for dose–response
analysis.

Study Evaluation Results
Study evaluation results for the subset of epidemiology and ani-
mal studies selected for further evaluation are summarized in
Figures 7 and 8, respectively. The hyperlinks provided in the fig-
ure captions can be used to access interactive versions of these
graphics in HAWC, where readers can click to view the detailed
rationale for each study evaluation rating. The animal study eval-
uation heat map indicates instances where different outcomes in a
study were rated differently due to outcome-specific concerns.

Human study evaluation summary. For epidemiology stud-
ies, the overall confidence was rated as medium in 13 studies and
as low in 11 other studies. Two studies were found to be critically
deficient and were excluded from further consideration: a) The
study by Al-Daghri et al. (2014) on the relationship between
PAH exposure and childhood asthma was excluded because no
correlations or meaningful analyses were performed; and b) the
occupational exposure study by Merletti et al. (1991) that eval-
uated oral cavity or oropharyngeal cancer in workers was
excluded because there were no cases with naphthalene exposure
higher than the general population, and therefore an odds ratio
could not be calculated.

Among the epidemiology studies receiving low confidence rat-
ings, the main concerns were related to exposure and confounding.
Exposure misclassification (evaluated in the “exposure measure-
ment” domain) was found to be a concern in most of the studies (9

Figure 7. Heat map of human study evaluation results, listed by author, year, and HERO identification number. See interactive graphic in HAWC for ratings
rationales: https://hawcprd.epa.gov/summary/visual/100500037/. Note: HAWC, U.S. EPA Health Assessment Workspace Collaborative; HERO, U.S. EPA
Health & Environment Research Online.

Figure 8. Heat map of animal study evaluation results, listed by author, year, and HERO identification number. See interactive graphic in HAWC for ratings
rationales: https://hawcprd.epa.gov/summary/visual/100500000/. Note: HAWC, U.S. EPA Health Assessment Workspace Collaborative; HERO, U.S. EPA
Health & Environment Research Online.
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of the 11) that received low confidence ratings. In particular, sev-
eral epidemiology studies that used the urinary metabolite 1-
hydroxynaphthalene (1N) as the only metric for exposure were
considered to have a high probability of exposure misclassification
because 1N is a metabolite of both naphthalene and the pesticide
carbaryl; this concern was amplified in studies conducted in the
general population where the source of the exposure was not
known. The urinary metabolite 2-hydroxynaphthalene (2N) is spe-
cific to naphthalene exposure and therefore was considered an
adequate metric for exposure. Another potential concern related to
exposure was the measurement of naphthalene metabolites in sin-
gle spot urine samples, which may not be a reliable surrogate for
long-term exposure because naphthalene is rapidly metabolized
and has a relatively short half-life in the body. Studies that relied
on self-reported exposure history or occupational history without
providing a quantitative measure of exposure were also considered
a concern for exposure misclassification. Confounding issues
(evaluated in the “confounding” domain) were found in 6 of the 11
low confidence epidemiology studies and included the lack of
inclusion of pertinent information for potentially important con-
founders, lack of a strategy for identifying confounders, little to no
information concerning identification of potential coexposures,
and uncertainty about whether confounders were taken into
account in the analysis.

Animal study evaluation summary. Almost all the available
animal studies were found to be well-conducted, with minimal
concerns for bias or sensitivity, and were rated as high or medium
confidence overall for most outcomes. One exception was the 2-y
inhalation bioassay in mice by NTP (1992b), which had a low
survival rate among males in the control group in comparison
with the naphthalene exposure groups (38% in controls, com-
pared with 75% and 88% survival rates in naphthalene exposure
groups). The authors attributed this to wound trauma and second-
ary lesions from fighting and stated that fighting was likely
increased in control males in comparison with exposed males
because exposed mice tended to huddle in cage corners during
exposure to naphthalene. This aspect was identified as a potential
source of bias due to confounding and attrition in the male ani-
mals, and therefore the chronic outcomes in this study were rated
low confidence for males but high confidence for females. The
study by Katsnelson et al. (2014) also received a low confidence
rating primarily due to significant reporting limitations in this
study, such as lack of information on the strain of rat used, source
and purity of the test chemical, use of a vehicle control, and lack
of details on the methods used for the hematologic evaluation.
There were also some cases where certain outcomes were rated
low confidence due to outcome-specific concerns, whereas other
outcomes in the same study were rated high or medium confi-
dence (see evaluations in HAWC for details). However, none of
the animal studies were judged to have critical deficiencies that
would exclude them from further consideration.

Many of the animal studies did not indicate whether blinding
or other steps were taken to reduce observational bias during out-
come evaluation (“observational bias/blinding” domain). This
was not considered a concern for relatively simple, objective
measurements (e.g., body and organ weights) or measurements
made using automation or standard laboratory kits (e.g., hemato-
logic evaluations). For the histopathological evaluations, lack of
reported blinding was not generally considered a concern because
blinding during the initial evaluation of tissues can make it more
difficult to separate treatment-related changes from normal varia-
tion and may result in subtle lesions being overlooked (Crissman
et al. 2004). However, masked evaluations are appropriate for
identifying a no observed adverse effect level (NOAEL) or
LOAEL in cases where a chemical is already known to produce a

defined toxic syndrome (Crissman et al. 2004). Naphthalene inha-
lation exposure is well known to produce respiratory lesions, so
lack of reported blinding was flagged as a potential concern in
studies that performed targeted histopathological evaluations of
respiratory tissues. Concern for observational bias in histopatho-
logical evaluations can be further mitigated by performing peer-
review of the diagnoses (Crissman et al. 2004), which was done
by the NTP Pathology Working Group in the 2-y inhalation bio-
assays in mice and rats (NTP 1992b, 2000).

Summary of the Available PBPKModels for Naphthalene
The literature search identified 11 peer-reviewed publications that
describe or make use of pharmacokinetic models for naphthalene.
Four of these publications describe cell culture analogs (CCAs) of
PBPK models (Viravaidya et al. 2004; Ghanem and Shuler 2000;
Shuler et al. 1996; Sweeney et al. 1995). CCA models are con-
structed as in vitro cell culture systems rather than in silico mathe-
matical descriptions of whole organisms; thus, CCA models cannot
be efficiently used for risk assessment dosimetry calculations. The
six remaining publications all describewhole-organismPBPKmod-
els for naphthalene (Campbell et al. 2014; Morris 2013; Kim et al.
2007; Willems et al. 2001; Quick and Shuler 1999; Sweeney et al.
1996). These models describe the fate of naphthalene once it enters
an organism (e.g., a human, mouse, or rat) in terms of ADME and
can be used to estimate internal doses (e.g., blood concentrations)
experienced by an organism based onwell-defined exposure scenar-
ios. In some cases, such models also describe the production and
fate of naphthalenemetabolites within the body.

The first PBPK models for naphthalene in rats and mice
(Willems et al. 2001; Quick and Shuler 1999; Sweeney et al.
1996) used parallel compartmental structures for liver, lung, and
other tissues to describe the disposition of naphthalene and its
metabolite naphthalene-1,2-oxide in those tissues. Although these
early naphthalene PBPK models can be used to predict tissue do-
simetry for lung, liver, blood and various other tissues, they do
not include nasal compartments and cannot, therefore, predict do-
simetry for nasal tissues.

To address dosimetry of the upper respiratory tract, Campbell
et al. (2014) developed a hybrid computational fluid dynamics
(CFD)-PBPK model for inhaled naphthalene in rats and humans.
The model assumes that inhaled air flows through the nasal cavity,
the nasopharynx and larynx, and then to the lungs. In the model,
the nasal cavity consists of two parallel pathways: a dorsal pathway
comprising sequential compartments for the respiratory epithelium
and one (for humans) or two (for rats) olfactory compartments; and
ventral pathway comprising two respiratory epithelium compart-
ments. The authors used time-course data for concentrations of
naphthalene in rat blood after single intravenous bolus doses
(Quick and Shuler 1999), 6-h inhalation exposures (NTP 2000),
and rat naphthalene upper respiratory tract extraction data at fixed
inspiratory flow rates (Morris and Buckpitt 2009) to evaluate the
accuracy of rat model predictions, but similar naphthalene kinetic
data for humans were not available to evaluate human model pre-
dictions. Campbell et al. (2014) used their rat and humanmodels to
predict continuous exposure human equivalent concentrations;
e.g., they estimated inhalation exposure concentrations that would
produce in humans the same internal dose metrics as those pre-
dicted for rats exposed at the NOAEL reported by Dodd et al.
(2012) for a 90-d exposure in rats.

Kim et al. (2007) developed a human PBPK model for naph-
thalene that can be used to simulate both dermal and inhalation
exposure scenarios. Their model has five compartments: two skin
compartments representing the exposed stratum corneum and the
viable epidermis immediately below it; one central blood com-
partment (to which inhalation exposures are delivered directly);
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one fat compartment; and one compartment representing all other
tissues. Most physiological parameters, partition coefficients, and
metabolism parameters for the model were extracted from the lit-
erature, but parameters related to dermal uptake and permeability
and some partition coefficients were fit to blood time-course data
from a laboratory study of dermal exposure to jet propellant 8
(JP-8) fuel, which is a jet fuel that contains naphthalene, in
humans. Kim et al. (2007) demonstrated that their model was
able to reasonably reproduce exhaled air concentration data from
a field study of JP-8 dermal and inhalation exposures in U.S. Air
Force personnel (Chao et al. 2006; Egeghy et al. 2003). The mod-
el’s authors reported that a wide range of skin permeability pa-
rameters were necessary to fit individual human data, and this
may indicate large interindividual variability in dermal uptake
and/or systemic clearance of naphthalene.

Most recently, researchers in our group (Kapraun et al. 2020)
published a model that extends the model of Campbell et al.
(2014) by incorporating a skin route of exposure. Kapraun et al.
(2020) evaluated their model by showing that it could reproduce
time profiles of blood concentrations following controlled skin
exposures in human subjects (Kim et al. 2006) and thus demon-
strated the suitability of this model for human health risk assess-
ment applications.

To the best of our knowledge, no existing naphthalene PBPK
model is suitable for estimating human oral or inhalation expo-
sures from metabolite concentrations in urine. Epidemiology
studies that used urinary biomarkers as the only metric of expo-
sure were therefore considered to have limited suitability for
dose–response analysis, because a meaningful analysis is not pos-
sible using the currently available models.

Summary of Available Human and Animal Studies and
Dose–Response Considerations for Each Health System
The following sections summarize the available evidence base for
each of the health systems that were prioritized for further evalua-
tion. This includes the available study designs, outcome(s) eval-
uated, outcome(s) observed, study evaluation results, and
suitability of the study for dose–response analysis. Exposure meas-
urements shown in Tables 2–7 for animal studies are nominal
doses. The outcomes listed in the “Outcome(s) observed” column
in Tables 2–7 reflect a high-level summary of the statistically and/
or biologically significant effects reported by the authors of each
study; when authors indicated there was no effect of treatment, the
tables report no effects observed. Within each table, studies are
organized into human (inhalation or nonspecific routes of expo-
sure) and animal (inhalation, oral, or dermal exposure) and listed
alphabetically by overall confidence level (high confidence studies
listed first, followed bymedium and low confidence). Body weight
measurements and clinical observations from animal studies (cate-
gorized as “Whole Body” in the Tableau Public figures) are not ex-
plicitly discussed in these tables aside from maternal and offspring
body weight changes in gestational exposure studies, but they are
useful to consider during hazard identification as evidence of sys-
temic toxicity to help interpret findings for other outcomes.

The only studies that evaluated naphthalene-induced carcino-
genesis were animal studies that reported nasal and pulmonary
lesions following inhalation exposure, so all evidence for cancer
is summarized in the “Respiratory effects” section.

Respiratory effects (pulmonary and nasal). The respiratory
tract has been demonstrated to be a sensitive target in rodents fol-
lowing inhalation exposure to naphthalene (ATSDR 2005). Table
1 summarizes the evidence base for respiratory effects of naph-
thalene exposure, consisting of studies that reported nasal or pul-
monary outcomes. The evidence base for human respiratory
effects consisted of a medium confidence study that evaluated

inflammatory effects and sensory irritation in workers exposed to
naphthalene in the abrasives industry (Sucker et al. 2021) and a
medium confidence study that evaluated changes in lung function
associated with residential levels of volatile organic compounds
(VOCs) (Cakmak et al. 2014). Sucker et al. (2021) used a cross-
sectional cross-week design with pre- and post-shift outcome
measurements and is suitable for dose–response analysis based
on the study design and exposure measurements; however, the
applicability for reference value derivation is somewhat limited
because the outcome measurements are not generally considered
to be apical health effects (self-reported nose and eye irritation;
redness and mucus measured via otorhinolaryngological exami-
nation; and inflammatory biomarkers in serum, nasal lavage, or
sputum). The study by Cakmak et al. (2014) used a cross-
sectional study design that has limited ability to assess temporal-
ity between exposure and effect, and therefore this study would
be more useful for hazard identification than for the derivation of
a reference value.

Among the available animal studies, the most informative
appear to be five inhalation studies in mice or rats evaluating nasal
or pulmonary histopathological lesions. These include the NTP 2-y
bioassays in mice and rats (NTP 1992b, 2000) that currently serve
as the scientific basis for the NTP, IARC, and IRIS cancer determi-
nations. There is also an earlier study that evaluated neoplastic
lesions in femalemice following a 6-month exposure (Adkins et al.
1986) and two more recent studies that reported nasal lesions in
rats following shorter inhalation exposure durations [90-d: Dodd
et al. (2012); 1- or 5-d: Dodd et al. (2010)] at lower concentration
ranges.With the exception of the data inmalemice from the 2-y in-
halation bioassay by NTP (1992b), which was considered low con-
fidence due to the highmortality rate in control animals, all of these
studies were found to be high ormedium confidence and were con-
sidered suitable for dose–response analysis. No respiratory effects
were observed in three high confidence oral exposure studies
(Shopp et al. 1984; Battelle 1980a, 1980b) aside from an increase
in lung weight (Shopp et al. 1984). Although changes in organ
weight may be indicative of adverse effects, interpretation of organ
weight changes is limited in the absence of additional histopatho-
logical or functional data demonstrating respiratory effects in these
animals, so this outcome is less likely to be useful for risk assess-
ment in comparison with the histopathological outcomes observed
in inhalation studies.

Hematologic effects. The evidence base for hematologic
effects of naphthalene is summarized in Table 3. Although effects
on leukocytes are included in this table as part of the hematology
evaluation in several studies, these data should be considered
more appropriate for the evaluation of immunological effects
(discussed in the “Immune system effects” section).

In humans, the major hematologic outcome of concern for
naphthalene exposure is hemolytic anemia. Hemolytic anemia
has been frequently reported as a manifestation of naphthalene
exposure in human case studies, particularly among children who
have ingested mothballs and in infants whose clothing or bedding
was stored in mothballs (ATSDR 2005). The three available epi-
demiology studies observed associations between naphthalene
exposure and hemolytic anemia (Santucci and Shah 2000) or
other hematologic outcomes (Kamal et al. 2014; Sudakin et al.
2013). However, this evidence base is limited because two out of
three studies were rated as low confidence (Kamal et al. 2014;
Santucci and Shah 2000), and all three studies were considered to
have limited utility for dose–response analysis due to lack of
quantitative exposure data (Santucci and Shah 2000), the use of
urinary metabolites as the metric for exposure (Kamal et al.
2014; Sudakin et al. 2013), and/or the use of cross-sectional
designs that have limited ability to assess temporality (Sudakin
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et al. 2013; Santucci and Shah 2000). In addition to these studies
that directly evaluated hematological effects, there were two epi-
demiology studies that evaluated neonatal jaundice (Sodeinde
et al. 1995; Familusi and Dawodu 1985) (see Table S8,
“Hepatic”), which may be a secondary effect of hemolytic anemia
and therefore may provide additional information for hazard
identification; we did not do a full evaluation of these studies, but
we noted that they are not suitable for dose–response analysis.

Rats and mice have been described as having lower sensitivity
to hemolytic agents in comparison with humans, which is specu-
lated to be due to greater activity of methemoglobin reductase in
rodents compared to humans (Abdo et al. 1992). Of the studies
that observed hematologic effects, the most informative appeared
to be the medium confidence studies in rats by Battelle (1980b)
and in mice by NTP (1992b), both of which were found to be
suitable for dose–response analysis. The study by Shopp et al.
(1984) was rated as medium confidence but is not suitable for
dose–response analysis because only qualitative data was
reported, and the study by Katsnelson et al. (2014) was rated as
low confidence and was found to have limited suitability for
dose–response analysis because only a single dose level was
tested. The majority of effects across animal studies were related
to leukocytes and therefore are more applicable to the evaluation
of immunological effects (“Immune system effects” section),
although decreased hemoglobin and hematocrit were observed in
the rat study by Battelle (1980b), and decreased hematocrit and
mean corpuscular volume were observed in the mouse study by
NTP (1992b).

Immune system effects. Table 4 summarizes the evidence
base for immunological effects of naphthalene exposure. Seven
epidemiology studies reported on the relationship between naph-
thalene exposure and the diagnosis of asthma or other allergic
diseases (Lin et al. 2018; Al-Daghri 2008; Kim et al. 2005), bio-
chemical markers of allergic sensitization such as serum IgE and
T-cell cytokine profiles (Lin et al. 2018; Al-Daghri et al. 2013;
Lehmann et al. 2001, 2002), and immune cell counts in periph-
eral blood (Rhodes et al. 2003), of which six of the seven studies
reported a statistically significant relationship between naphtha-
lene exposure and one or more of these measurements (Lin et al.
2018; Al-Daghri et al. 2013; Al-Daghri 2008; Kim et al. 2005;
Rhodes et al. 2003; Lehmann et al. 2001, 2002); however, the
majority of these studies were considered low confidence, and all
were found to have limited suitability for dose–response analysis.
The limiting factors for dose–response analysis varied across
studies and included concerns about the nature of the exposure
measurements (Lehmann et al. 2001, 2002), concerns about lack
of adjustment for confounders (Al-Daghri et al. 2013), the use of
urinary metabolites as the only metric for exposure (Lin et al.
2018; Kim et al. 2005), and the use of cross-sectional designs
with limited ability to assess temporality (Lin et al. 2018; Al-
Daghri et al. 2013; Al-Daghri 2008; Rhodes et al. 2003). As
noted above, the epidemiology study by Kamal et al. (2014) that
reported increased leukocyte counts in exposed vs. unexposed
workers (Table 3) was also rated low confidence and was found
to have limited suitability for dose–response analysis due to the
use of urinary biomarkers as the metric for exposure.

The animal evidence base for immunological effects consisted
of seven high or medium confidence studies that evaluated
immune system histopathology and organ weights, although NTP
(1992b) was considered low confidence for effects in males due
to high mortality among control animals. Four of these studies
observed no effects (NTP 1992b, 2000; Bushy Run 1986;
Battelle 1980a), and the other three reported effects consisting of
decreased thymus and spleen weights in mice (Shopp et al. 1984)
and rats (Dodd et al. 2012) and a moderate depletion of thymic
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lymphocytes in female rats (Battelle 1980b). These studies were
found to be suitable for dose–response analysis because they
tested multiple doses and reported quantitative data, although the
biological significance of the organ weight and histopathological
changes is unclear in the absence of functional measurements of
immune toxicity. Only one animal study evaluated functional
effects on the immune system (Shopp et al. 1984), with no dose-
related effects reported. This limits the applicability of these out-
comes for hazard identification and may make them a less desira-
ble choice for reference value derivation. As noted above, the
study by Battelle (1980b) also reported an increase in mature
neutrophils in rats and was found to be suitable for dose–response
analysis, whereas two studies that reported other effects on leuko-
cytes (Katsnelson et al. 2014; Shopp et al. 1984) were found to
have limited suitability for dose–response analysis (Table 3).

Reproductive effects. Table 5 summarizes the evidence base
for reproductive effects of naphthalene exposure in males and
females. Two medium confidence epidemiology studies evaluated
the association between naphthalene exposure and outcomes in
pregnant women, but both had limited suitability for dose–
response analysis. The study by Singh et al. (2008) reported
higher placental naphthalene levels among women with preterm
vs. full-term birth but was considered to have limited suitability
for dose–response analysis due to concerns that there was no
adjustment for confounders in this analysis. The study by Yin
et al. (2017) reported a significant negative association with cord
anti-Müllerian hormones (AMH) in umbilical cord serum, but
concerns were raised that this measurement may not be a reliable
stand-in for fetal hormones; the fetal hypothalamic–pituitary–go-
nadal axis is suppressed by placental hormones during late gesta-
tion and is reactivated at birth (Kuiri-Hänninen et al. 2014);
therefore, hormone levels including AMH (which is affected by
gonadotropins) measured at birth may not reflect hormone levels
during gestation.

In the six studies that evaluated effects in adult men, inverse
associations were observed between urinary naphthalene metabo-
lites and semen quality (Yang et al. 2017; Meeker et al. 2004a,
2004b), serum testosterone levels (Meeker et al. 2006), and serum
estradiol levels (Meeker et al. 2008), with no association observed
between urinary naphthalene metabolites and below-reference
semen parameters in the study by Xia et al. (2009). None of these
studies in men would be considered likely candidates for reference
value derivation due to low confidence ratings and/or limited suit-
ability for dose–response analysis. All six studies used urinary
metabolites as the metric for exposure, and three of the studies by
Meeker et al. were considered to have a significant risk of exposure
misclassification due to the use of urinary 1N as the only exposure
measurement (Meeker et al. 2006, 2004a, 2004b). Of note, the
author of these studies later published a reanalysis of the data in
these three studies in which subjects were stratified by the 1N/2N
ratio (Meeker et al. 2007) (not shown in Table 5). The reanalysis
found that carbaryl exposures were likely responsible for the asso-
ciations between 1N and sperm motility (Meeker et al. 2004a) and
serum testosterone (Meeker et al. 2006), whereas naphthalene is
likely responsible for the association between 1N and sperm DNA
damage (Meeker et al. 2004b). Most of these studies were con-
ducted using cross-sectional designs, which have limited ability to
assess temporality.

The animal evidence base consisted of 12 studies that eval-
uated male or female reproductive organ weights, histopathology
of reproductive organs, number of dams pregnant or delivered at
the time of sacrifice in gestational exposure studies, and/or mater-
nal body weight gain, with most considered high confidence.
However, confidence in the maternal weight gain measurement in
the study by Plasterer et al. (1985) was reduced to mediumT
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because it was not corrected for gravid uterine weight (due to the
animals giving live birth), which affects the interpretation of the
data because maternal toxicity cannot be distinguished from fetal
toxicity (U.S. EPA 1991); and three studies that evaluated mater-
nal weight gain in rabbits were rated low confidence for this end
point (NTP 1992a; Pharmakon Research 1985, 1986) because
body weight changes in rabbits are reported to have high variabil-
ity, so this measurement may be a less reliable indicator of mater-
nal toxicity in comparison with that of other species
(U.S. EPA 1991). The histopathology data in males from NTP
(1992b) was also rated low confidence due to the high mortality
rate in control animals. Although most studies reported no effects,
there were some effects consisting of decreased testis weight
(Dodd et al. 2012; Bushy Run 1986) and decreased maternal
body weight gain (NTP 1991, 1992a; Pharmakon Research 1985;
Plasterer et al. 1985). However, the authors of the dermal expo-
sure study by Bushy Run (1986) doubted the biological signifi-
cance of the decreased testis weight in their study because the
magnitude of change was small, effects were not observed in a
subgroup of animals that was allowed to recover for 4 wk post
exposure, and there was little evidence of histopathological
effects to support an effect on the testis. All studies reported
quantitative data suitable for dose–response analysis. Effects on
testis weight and maternal body weight gain are considered indic-
ative of reproductive effects (U.S. EPA 1996), but the strength of
the animal evidence base is limited by the absence of studies
evaluating functional end points such as fertility or sperm quality
that could provide more specific insight into how the reproduc-
tive system is affected by naphthalene exposure. This lack of
functional end point measurements limits the applicability of
these studies for hazard identification and reference value
derivation.

Developmental effects. Table 6 summarizes the evidence
base for developmental effects. The four available epidemiology
studies were all considered medium confidence, and three
reported statistically significant associations between naphthalene
exposure and several developmental outcomes, including low
birth weight (Gong et al. 2018; Nie et al. 2018), high cephaliza-
tion index (Nie et al. 2018), and increased measures of “internal-
izing problems” on the Child Behavior Checklist (Wang et al.
2014), whereas the study by Agarwal et al. (2020) reported no
statistically significant association of birth weight with naphtha-
lene exposure. All studies were found to have limited suitability
for dose–response analysis. The study by Gong et al. (2018) esti-
mated exposure to naphthalene emissions using a geocomputa-
tional approach and therefore did not include quantitative
exposure level data. The study by Wang et al. (2014) reported ex-
posure level (naphthalene levels in house dust) only as an overall
mean, median, and range for all individuals included in the study,
which provides little insight into the exposure–response relation-
ship. Nie et al. (2018) and Agarwal et al. (2020) used urinary bio-
markers as the only metric for exposure. All four studies used
cross-sectional designs that have limited ability to assess tempo-
rality. In addition to these four studies that evaluated traditional
developmental end points, there were epidemiology studies that
evaluated other effects in children that risk assessors may wish to
consider for hazard identification of developmental effects: child-
hood obesity (Bushnik et al. 2020; Scinicariello and Buser 2014)
(see Table S8, “Cardiometabolic”) and neonatal jaundice
(Sodeinde et al. 1995; Familusi and Dawodu 1985) (see Table
S8, “Hepatic”). We did not do a full evaluation of the childhood
obesity or jaundice studies but noted that they are not suitable for
dose–response analysis.

The animal evidence base for developmental effects consisted
of five high confidence gestational exposure studies in rats, mice,

and rabbits, all of which were found to be suitable for dose–
response analysis. Four of these studies observed effects consist-
ing of increased incidence of fetal malformations (NTP 1991,
1992a), increased adversely affected implants (nonlive or mal-
formed) (NTP 1991), decreased incidence of extra 13th right-side
rib (Pharmakon Research 1986), and decreased live fetuses per
litter (Plasterer et al. 1985). Fetal malformations, adversely
affected implants, and decreased live fetuses per litter are the
most informative of these outcomes for risk assessment, whereas
the biological significance of decreased extra ribs (a skeletal vari-
ation) is less clear (Chernoff and Rogers 2004). The fifth study
by Pharmakon Research (1985) is a dose–range finding study in
which fetuses in the highest dose groups were not evaluated due
to mortality and abortion in all dams (100% mortality of does in
the 1,000 mg=kg-d group and 50% mortality and 50% abortion in
dams in the 630 mg=kg-d group), and no developmental effects
were reported in the lowest two dose groups.

Ocular effects. Cataracts have been frequently observed in
human case reports involving acute or occupational exposure to
naphthalene, although exposure levels associated with these effects
have not been identified (ATSDR 2005). No epidemiology studies
were identified in our literature search that evaluated cataract forma-
tion or other ocular effects. Six multidose animal studies evaluated
ocular effects in rats or mice, most of which reported quantitative
data suitable for dose–response analysis and all of which were con-
sidered high ormedium confidence, with the exception of data from
male mice in NTP (1992b) (Table 7). However, only one study
(Holmén et al. 1999) observed a dose-related increase in the devel-
opment of cataracts (in dose groups 500 mg=kg-d and above),
whereas the remaining studies in Table 7 observed no effect. As
mentioned in the “Literature Search and Screening” section, naph-
thalene at high oral exposure levels (>500 mg=kg-d) is well known
to induce cataracts in rodentmodels and is frequently used in animal
models of cataractogenesis; many such studies were identified in
our literature search and may be used to support hazard identifica-
tion but were not moved forward for study evaluation because they
used single high doses of naphthalene and are unlikely to be useful
for dose–response analysis. The lack of effect in the studies by NTP
(1992b, 2000), Battelle (1980a, 1980b), Shopp et al. (1984), and
Bushy Run (1986) may therefore be related to the lower dose levels
used in most of those studies or due to differences in strain or route
of exposure.

Summary across health systems. Figure 9 presents a heat
map summarizing the overall confidence level and suitability for
dose–response analysis for each health system for the studies
described in Tables 2–7. Overall, one medium confidence epide-
miology study evaluating respiratory effects was found to be suit-
able for dose-response analysis, whereas there were high or
medium confidence animal studies available for each health sys-
tem that were found to be suitable for dose–response analysis.
This heat map summarizes the number of references that investi-
gated a particular health effect, not the number of studies that
identified a positive association with exposure to naphthalene;
LOAELs for each health system are summarized in the next
section.

Comparison of LOAELs across Health Systems
Figures 10 and 11 present the dose ranges and lowest LOAELs
within each of the health systems across high and medium confi-
dence animal studies for inhalation and oral exposures, respec-
tively. Results are summarized according to duration of exposure
(acute, short-term, subchronic, or chronic). LOAELs are not sum-
marized for dermal exposure because we only evaluated one
study [90-d study by Bushy Run (1986)], and the only effect in
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that study was decreased testis weight at 1,000 mg=kg-d (no he-
matologic, immune, or ocular effects observed).

Respiratory lesions were observed in the chronic (2-y) inhala-
tion studies in rats and mice at the lowest dose tested in these
studies (52mg=m3). Effects at this level consisted of nasal respi-
ratory epithelial adenomas in male rats in the study by NTP
(2000) and nonneoplastic lesions in both studies (NTP 1992b,
2000). Lower LOAELs for respiratory lesions were observed in
the subchronic (90-d) exposure study by Dodd et al. (2012)
(5:2mg=m3) and in the acute (1-d) and short-term (5-d) studies
by Dodd et al. (2010) (5:2mg=m3), which tested lower dose
ranges compared with the 2-y NTP studies. LOAELs for
immune, reproductive, and hematologic outcomes in inhalation
studies occurred at a similar concentration range compared with
respiratory effects. The LOAEL for immune effects was
5:1mg=m3 [decreased thymus weight in female rats (Dodd et al.
2012)], and the LOAEL for reproductive and hematologic effects
was 52mg=m3 [decreased testis weight in rats (Dodd et al. 2012)
and increased leukocyte count in mice (NTP 1992b)]. The
LOAEL for hematologic effects in the 2-y study by NTP (1992b)
is classified here as “short-term,” because this evaluation was
performed on day 14 of the study.

In oral exposure studies, LOAELs were within an order of mag-
nitude of one another across outcome categories and durations of ex-
posure, with ocular effects being the least sensitive outcome.
LOAELs among subchronic oral exposure studies were
133 mg=kg-d for immune effects [decreased spleen weight in
female mice, Shopp et al. (1984)], 400 mg=kg-d for hematologic
effects [decreased hemoglobin and hematocrit in male and female
rats, increased mature neutrophils in male and female rats, and
decreased lymphocytes in male rats (Battelle 1980b)], and
500 mg=kg-d for ocular effects [cataractous changes (Holmén et al.
1999)]. LOAELs among short-termoral exposure studies (including
gestational exposure studies) were 150 mg=kg-d for reproductive
effects [decreased maternal body weight gain (NTP 1991)],
267 mg=kg-d for immune effects [decreased thymus, spleen, and
lung weight (Shopp et al. 1984)], and 300 mg=kg-d for develop-
mental effects [decreased live pups per litter (Plasterer et al. 1985)].

Discussion
This systematic evidencemap summarizes human and animal stud-
ies that evaluated health effects associated with naphthalene

exposure, with a focus on studies that may be potentially used to
develop updated chronic reference value(s) for human health risk
assessment.Within each of the health systems that were prioritized
for further evaluation [respiratory (pulmonary and nasal), hemato-
logic, immune, reproductive, developmental, ocular], there were
one or more high or medium confidence multidose animal studies
that observed exposure-related effects and appeared to be suitable
for dose–response analysis. The available epidemiology studies
had more concerns for bias and sensitivity (rated medium confi-
dence, low confidence, or uninformative), and almost all were
found to have limited suitability or no suitability for dose–response
analysis. Among the epidemiology studies, the most frequent limi-
tation for dose–response analysis was the use of urinary bio-
markers (1N, 2N) as the only metric for exposure, which cannot be
extrapolated to exposure concentrations because urine is not
included as a compartment in any of the currently available PBPK
models. Other common limitations for dose–response analysis
included lack of exposure level data, lack of adjustment for con-
founding variables in the analysis, and inability to assess temporal-
ity due to the use of cross-sectional study designs.

Although none of the existing PBPK models are suitable for
estimating human oral or inhalation exposure levels from metab-
olite concentrations in urine, the models of Campbell et al.
(2014), Kim et al. (2007), and Kapraun et al. (2020) can be used
to inform route-to-route and interspecies extrapolation. These
models had not yet been published when most of the available
reference values for naphthalene were developed. The chronic
reference values from federal and state agencies (e.g., U.S. EPA,
ATSDR, OEHHA) summarized in Figures 1 and 2 were all
derived by applying interspecies uncertainty factors to extrapo-
late from animal NOAELS or LOAELs. Applying PBPK models
in future assessments of naphthalene would allow for more math-
ematically rigorous quantification of the uncertainty inherent in
inter- and intraspecies extrapolations and thus provide a more sci-
entifically defensible estimate of the risk to human health.

We did not undertake a formal evaluation of the quality of all
of the PBPK models available for naphthalene. However, when a
more recent model builds on previously published models it is
usually assumed to improve on the previous models through use
of newer data, computational methods, and/or the most recent
developments in the understanding of pharmacological princi-
ples. In the event that there are competing models, the technical
criteria outlined by U.S. EPA (2018c) can be applied to identify

Figure 9. Visualization of the overall confidence ratings (high, medium, low) and suitability for dose–response analysis (suitable, limited suitability, not suita-
ble) within each health system for the studies presented in Tables 2–7. See Tables 2–7 for details. Numbers represent the number of distinct references that
investigated a particular health system, not the number that identified a positive association with exposure to naphthalene. The grand total column indicates the
total number of human and animal references for each health system. An interactive version of this figure is available in the “Summary of Included Studies”
tab in the Tableau Public dashboard (https://public.tableau.com/views/NaphthaleneEvidenceMap/ReadMe?:language=en&:display_count=y&publish=yes&:
origin=viz_share_link).
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the most suitable or preferred model and determine that it meets
minimal quality criteria. Because the number of models that exist
for a given chemical is generally small and a large array of fea-
tures can differ among models, this determination is usually
accomplished by having a review team read each of the corre-
sponding publications and discuss the features and overall quality
of each model. In some cases, model selection may be clear and
simple, such as when one model includes a route of exposure that
is needed for the assessment and an alternate model does not.
Other aspects may require more nuanced evaluation, such as
when different data sets are used to identify some of the parame-
ters for each model and there is not a clear distinction between
the quality of the data sets. In any case the rationale for selecting
among alternate models would be provided, where it is not read-
ily established due to model “lineage” as described above. In the
case of naphthalene, the model of Campbell et al. (2014) is the
penultimate model in its lineage and explicitly describes the dis-
tribution of dosimetry of specific regions in the upper respiratory

tract, a feature that distinguishes it from all previous models.
Kapraun et al. (2020) extended the model of Campbell et al.
(2014) by incorporating a skin route of exposure and demon-
strated that their model could be used to reproduce human phar-
macokinetic data; they also performed quality assurance
procedures (U.S. EPA 2018c) for their model. This most recently
published naphthalene PBPK model (Kapraun et al. 2020) would
therefore be the clear choice for human health risk assessment
applications.

The existing chronic reference values for naphthalene from
U.S. federal and state agencies andHealth Canada that are intended
to assess risk in the general public were all derived based on studies
evaluated in this evidence map, specifically the 2-y rodent inhala-
tion bioassays by NTP (1992a, 2000), the 90-d study in rats by
Battelle (1980b) and the gestational exposure study in rats by NTP
(1991). We generally found these studies to be high confidence,
although there were limitations; most notably, the high attrition
rate of control males in the 2-y study in mice by NTP (1992b)

Figure 11. Summary of the dose ranges and lowest LOAELs within each health system across high and medium confidence animal oral exposure studies.
Open circles represent the doses tested across all studies that reported a LOAEL for each health system. Note: LOAEL, lowest observed adverse effect level.

Figure 10. Summary of the dose ranges and lowest LOAELs within each health system across high and medium confidence animal inhalation exposure studies.
Open circles represent the doses tested across all studies that reported a LOAEL for each health system. Note: LOAEL, lowest observed adverse effect level.
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(resulting in a low confidence rating for males in this study but a
high confidence rating for females). Inhalation reference values
from IRIS and OEHHAwere developed prior to the publication of
NTP’s 2-y study in rats (NTP 2000) and are based on the 2-y study
in mice (NTP 1992b). An updated inhalation reference value for
naphthalene would benefit from considering both of the NTP 2-y
studies as well as the more recent subchronic study by Dodd et al.
(2012) that tested a lower dose range and observed lower LOAELs
compared to the 2-y studies. Acute or short-term studies such as
the 1- and 5-d inhalation studies by Dodd et al. 2010 are less in-
formative for developing a chronic reference dose, but they pro-
vide useful information for the weight of evidence on the dose- and
time-related progression of respiratory effects. No new oral expo-
sure studies for naphthalene have been published since the release
of the existing assessments.

Respiratory effects were the most frequent outcomes evaluated
in the inhalation studies, although a comparison of LOAELs indi-
cates that reproductive, hematologic, and immune effects occurred
at a similar concentration range compared to respiratory effects in
inhalation studies. The available animal studies are informative of
the progression of nasal and pulmonary lesions following naphtha-
lene exposure, including the development of tumors in both rats and
mice in 2-y studies, and the epidemiology studies examining respi-
ratory effects provided measurements of respiratory inflammation
and changes in lung function associated with naphthalene exposure
(Table 1). Although case reports in humans have documented
increased laryngeal cancer following occupational exposure to
naphthalene (Wolf 1976, 1978), there were no epidemiology studies
evaluating the association between naphthalene exposure and can-
cer that would allow for quantitative evaluation of the exposure–
response relationship.

To develop reliable estimates of low-dose cancer risk from ani-
mal studies of naphthalene, two key areas of scientific interest are
a) the MOA for tumorigenesis and b) interspecies differences in
naphthalene bioactivation (Bogen et al. 2008; North et al. 2008).
The mechanistic studies and ADME/toxicokinetic studies identi-
fied in this evidence mapping exercise can play a critical role in the
evaluation of these issues. Following exposure, naphthalene is rap-
idly metabolized via a CYP-mediated pathway into a reactive
epoxide intermediate (1,2-naphthalene oxide) that then undergoes
further metabolism into multiple quinone intermediates (1,2-naph-
thoquinone; 1,4-naphthoquinone) (Carratt et al. 2016; Li et al.
2011; Waidyanatha et al. 2002). Naphthalene-induced lesions are
thought to be related to the binding of these reactive naphthalene
metabolites to cellular proteins, as well as oxidative damage result-
ing from the reactive epoxide intermediate and from the participa-
tion of naphthalene quinone metabolites in redox cycles. Both
cytotoxic and genotoxic MOAs have been hypothesized for naph-
thalene metabolites (ATSDR 2005), and it will be necessary to
consider the plausibility of these respective MOAs when selecting
a modeling approach for low-dose extrapolation of carcinogenic
effects (U.S. EPA 2005). Regarding interspecies differences in me-
tabolism, it has been established via in vitro and in vivo in mouse
models that the initial epoxidation of naphthalene is catalyzed by
Cyp2f2 and Cyp2a5 in the lung and olfactory epithelia, respec-
tively, with histopathological lesions correlating with the rate of in
situmetabolism (Hu et al. 2014; Li et al. 2011; Cruzan et al. 2009;
Buckpitt et al. 2002; Ritter et al. 1991; Nagata et al. 1990). There is
controversy surrounding whether CYP2F1 (the human ortholog of
Cyp2f2) is capable of metabolizing naphthalene into the initial
epoxide metabolite that leads to the two toxic quinone moieties.
An in vitro study by Baldwin et al. (2005) found that CYP2F1 was
unable to metabolize naphthalene into its epoxide form, whereas a
recent in vivo study by Li et al. (2017) found that mice with human-
ized CYP2A13/2F1 displayed greater toxicity than Cyp2abfgs-

null mice and indicated that human CYP2F1 is an active mediator
of naphthalene-induced focal toxicity in the lung. Our group is cur-
rently undertaking a MOA analysis for naphthalene using data
tagged in this evidence map as mechanistic supplemental material,
which will provide a systematic evaluation of these interspecies
differences in metabolism and the evidence to support cytotoxic
and genotoxicMOAs for each naphthalenemetabolite.

This evidence map identified several key data gaps that would
benefit from additional research. The human evidence base would
be strengthened through the addition of studies providing quantita-
tive evidence of the exposure–response relationship for
naphthalene-induced carcinogenesis, hemolytic anemia, and cata-
racts, particularly because there are human case reports indicating
that naphthalene is associated with these outcomes. [Human case
reports were identified in this evidence map as potentially relevant
supplemental material and not evaluated further; however, they
have been summarized elsewhere, e.g., by ATSDR (2005).] The
available epidemiology studies provided evidence of other types of
effects associated with naphthalene exposure (e.g., effects on the
respiratory system, hemoglobin, asthma, sperm quality, birth
weight) but were largely limited by weaknesses in experimental
design and reporting. Other issues that maywarrant further investi-
gation are age- or sex-related differences in naphthalene suscepti-
bility. For instance, a 4-h inhalation study in mice by Carratt et al.
(2019) (which was not selected for further evaluation in this evi-
dence map due to the acute exposure duration but is summarized in
the Tableau Public database) reported that juvenile (3-wk-old)
mice were more susceptible to naphthalene-induced airway epithe-
lial cytotoxicity compared with neonatal (7-d-old) or adult mice,
with female juveniles being the most susceptible. The authors
hypothesized this could be due to age- or sex-specific deficiencies
in the ability to synthesize glutathione (a detoxificationmechanism
for naphthalene). None of the subchronic or chronic study designs
selected for further evaluation included neonatal or juvenile ani-
mals, which potentially limits the sensitivity of these studies; how-
ever, because glutathione conjugation may not be a dominant
pathway of naphthalene detoxification in primates including
humans (NTP 2000; Rozman et al. 1982; Summer et al. 1979), it is
unclear whether the age- and sex-specific differences in animal
models are relevant to humans. Hazard identification and dose–
response assessment for naphthalene could be strengthened by
conducting additional studies addressing these limitations.

The considerations for reference value derivation extend
beyondwhat is presented in this evidence map and will vary across
entities, depending on stakeholder needs.We anticipate that the ag-
gregate data set identified in this evidence map—including human
and animal health effect studies, PBPK models, mechanistic stud-
ies, and ADME/toxicokinetic studies—can provide a useful start-
ing point toward developing an updated reference value that
reflects the state of the science on the health effects of naphthalene
exposure. Although we focused our evaluations on studies that
could be used to develop chronic reference value(s), acute and
short-term studies can be used for deriving reference value(s) for
shorter duration exposure scenarios. Risk assessors interested in
these studies can refer to our interactive dashboard in Tableau
Public, where study designs and results are summarized.
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